M
oisture content is probably the most important factor affecting the storage and sale of cereal grains. High moisture contents promote spoilage in stored grain, and grain is sold on the basis of weight, of which a portion is water. Currently, the standard method for grain moisture determination is oven drying for long periods. Alternatively, moisture contents of cereal grains have been measured practically for years with electrical moisture meters. These meters operate on the correlation between the complex permittivity of a material and its moisture content. Measurements have generally been made in the radiofrequency (RF) region and on static samples of known weight or volume. These types of meters do not provide accurate measurements when used in continuous, or "online applications where grain bulk density fluctuations introduce large errors.
Considerable study has been devoted to the development of density-independent functions of the dielectric properties that would eliminate the need for weighing and, thus, permit on-line measurement of moisture content (Kraszewski and Kulinski, 1976; Schilz, 1980,1981; Jacobsen et al., 1980; Powell et al., 1988; Kraszewski and Nelson, 1991) . These functions have all been used in the microwave region. This recent research trend toward microwave measurements for determining moisture content has been generated by potential advantages of moisture measurements at microwave frequencies, compared to RF measurements, and by improvements in microwave components. The advantages over RF measurements include reduced effects of ionic Article was submitted for publication in July 1992; reviewed and approved for publication by the Food and Process Engineering Inst, of ASAE in February 1993. Presented as ASAE Paper No. 92-3012. Mention of company or trade names is for tfie purpose of description only and does not imply endorsement by the USDA.
The conductivity and the elimination of physical contact between the sample and the sensing device. These are definite advantages; however, the elimination of contact and reduction of ionic conductivity effects generally come at a much greater equipment expense.
A possible alternative to microwave moisture determination is the application of these densityindependent functions in the RF region and subsequent development of corrections for ionic conductivity effects, if necessary. The requirement for sample contact may not be a particular disadvantage in many applications, and the overall cost would be much lower than that for a comparable microwave system.
Work by Kandala et al. (1989 Kandala et al. ( , 1992 and Nelson et al. (1990) has demonstrated that complex impedance measurements at two frequencies can be used to predict the moisture content of single kernels of com, peanuts, and popcorn. This technique uses a parallel-plate electrode assembly to sense the moisture content of single kernels at frequencies of 1 and 4.5 MHz. Measuring the complex impedance at two frequencies provides four measured parameters, which can be used to counteract effects of varying electrode separation, kernel shape, sample density (if one considers that the amount of material filling the space between the electrodes varies from kernel to kernel), and possibly ionic conductivity.
Thus, complex impedance measurements at two frequencies in the RF region, along with the use of densityindependent functions, might sufficiently characterize grain samples that reliable continuous moisture monitoring could be achieved. However, before an on-line system can be developed, the feasibility of a static, RF, densityindependent moisture measuring technique must be evaluated. Therefore, the objective of this article is to present results on the development of a static densityindependent technique for moisture measurement in the RF region.
MATERIALS AND METHODS

WHEAT
Three varieties of hard red winter wheat, Triticum aestivum L., grown in Nebraska, were selected for measurements. Wheat of the 'Karl' cultivar was harvested in 1990, while 'Siouxland' and 'Redland' lots were harvested in 1991. All three were obtained as clean, untreated. Certified Seed from the Foundation Seed Division, University of Nebraska. The wheat was stored at 4° C and 40% relative humidity to preserve its quality. To provide approximately 2% moisture intervals from about 11 to 22% moisture content, six sublots of each variety were placed in half-gallon Mason jars, and varying amounts of distilled water were added to sublots of each cultivar or variety that required an increase in moisture content. The sublots were then stored at 4° C for at least one week and stirred frequently by rotation of the jars to allow uniform moisture distribution throughout each sublot. Those sublots requiring a reduction in moisture content were dried for approximately 4 h at 55° C, sealed, and then stored and stirred in a similar fashion. Moisture contents were determined by weighing triplicate 10-g samples in aluminum weighing dishes and drying the samples for 19 h at 130 °C ±P C in a forced-air oven (ASAE, 1991) . Samples were then removed, allowed to cool in a desiccator over anhydrous CaS04 (Drierite with indicator), and reweighed. Moisture contents were calculated on a wet basis. Test weights were also obtained on each of the three wheat lots at each moisture level with a Fairbanks Morse standard weight-per-bushel apparatus. ELECTRICAL MEASUREMENTS RF impedance measurements were taken with a Hewlett-Packard 4192A LF Impedance Analyzer controlled by an IBM XT personal computer. The wheat was placed into a vertically oriented parallel-plate electrode assembly as shown in figure 1. The assembly consisted of three 15xl5-cm aluminum plate electrodes (0.48-cm or 3/16-in. thick) held in place by two 7.62x30.48xl.91-cm (3xl2x0.75-in.) Rexolite 1422 insulating vertical support members. The Rexolite support members were also attached by screws to a 15.24x25.4x0.64-cm (6xlOx0.25-in.) aluminum base plate. The two outer electrodes were separated from the center electrode by a 2.54-cm gap. The electrode spacing was maintained by 15-cm long, 1.27-cm deep slots milled in the vertical Rexolite supports into which the edges of the electrode plates were tightly fitted and held by two, 4-40 machine screws in each edge. The top of each electrode was flush with the top of the Rexolite support members. The bottom of the electrode chamber was closed by a 15.88xl0.16x0.64-cm (6.25x4x0.25-in.) Rexolite plate that slides in horizontal slots milled in the Rexolite supports. The sliding Rexolite plate facilitated removal of grain samples. To divert the grain sample into a pan when the slide was withdrawn, a 0.48-cm thick aluminum plate was mounted below the electrode chamber and the Rexolite slide plate at approximately 40° to the horizontal. Aluminum was used to prevent static charge accumulation as the grain flowed down the plate. The total volume of the electrode chamber was 1143 cm^.
Electrical connections were made by mounting a coaxial BNC connector on a small aluminum plate ( fig. 1 ), facilitating the outer conductor (grounded) connection to the two outer electrodes through the screws in the edge of the electrode plates. A 4-40 brass machine screw was then machined to fit the center conductor of the BNC connector, soldered to it, and the BNC connector and connecting plate assembly was screwed into the edge of the center parallel plate to make a secure electrical connection. Thus, the electrode assembly, or sample holder, consists of two parallel-plate capacitors electrically connected in parallel. This configuration constitutes a shielded-parallel-plate capacitor. The sample holder was then connected to the impedance analyzer with an HP 16095A Probe Fixture.
PROCEDURES
Prior to electrical measurements, the sublot jars were removed from cold storage, and the wheat was allowed to reach room temperature, 24° C. An initial measurement with the empty sample holder (air filled) was taken first. Then a sublot was randomly selected and a sample was poured from the jar into the sample holder. After settling, the excess grain was removed with a strike-off stick and a measuring sequence was initiated. The computer stepped the impedance analyzer through 10 frequencies from 1 to 10 MHz at 1 MHz intervals. The sample was then removed, weighed, and the measurement process was repeated with approximately 20 g of additional wheat added. For low densities, the wheat was quickly poured into the electrode assembly. To obtain higher densities, the sample was settled and then pressed into the holder. At least six different bulk densities were measured at each moisture for each variety. Each sample bulk density was determined by dividing the sample weight by the volume of the electrode chamber.
To determine whether moisture was lost during the measurement procedure, small subsamples of the Karl variety were taken, both before and after a measurement sequence, and moisture content determinations were made by the standard oven method. These tests showed moisture losses of less than 0.2% moisture content. On 'Redland' and 'Siouxland' varieties, oven moisture measurements were performed on the sublots after a measuring sequence was completed. Test weights on all sublots were also determined after the impedance measurements were completed.
GENERAL CONSIDERATIONS Nelson (1965 Nelson ( , 1976 Nelson ( , 1981 Nelson ( , 1982 and Nelson and Stetson (1976) have shown that the dielectric properties of wheat are dependent on frequency, moisture content, density and temperature. The dielectric properties of interest are the complex dielectric constant (or complex permittivity), e = e"-je'^ where € is the dielectric constant and e"" is the loss factor. As mentioned, several studies have been reported on methods of reducing density effects on moisture measurements of wheat. Kraszewski et al. (1977) found that using both attenuation and phase shift of a microwave signal passing through a wheat sample will reduce the effects of density on moisture measurements. Later, Meyer and Schilz (1980) determined that a good density-independent function for microwave moisture measurements on several agricultural materials is:
while Powell et al. (1988) reported a modified version of this function, based on permittivity and density relationships reported by Nelson (1983) , which was valid over larger ranges of density:
The components of the complex relative permittivity (8^ and e^O can be obtained from measurements of the complex admittance, Y = G + jB, of the shielded-parallel plate capacitor with and without the grain sample between the plates, where G represents conductance and B is the susceptance. Figure 2 is a plan view of the capacitor where both the Rexolite and the air/grain mixture are shown separating the plates. Therefore, the conductance G, is defined as:
where Gjn = measured conductance (Siemens) GR = conductance associated with the Rexolite Gg == conductance of the sample material Gf = conductance associated with the fringing field and connecting cable Substituting GR = COCQ^R and G^ = COCQE^S i^^^ equation 3 for GR and G^ and solving for e'^, we obtain:
where e" s = loss factor of the sample material (0 = angular frequency=27cf, where f= frequency (Hz) CQ = capacitance of the empty sample holder (farads) ^R = loss factor of Rexolite When the sample holder is empty, e^' is zero (air is lossless), and since ^R = 0.00013 at 1 MHz is negligibly small, Gf is essentially equal to G^^ in equation 4. Thus, a measurement with the sample holder empty will provide a value of Gf, which can be designated as G^ for air. We can then rewrite equation 4 as:
To analyze the effectiveness of functions 1 and 2, the complex permittivity of the material must be determined.
where G^ is the conductance of the empty sample holder. The dielectric constant can be obtained from the admittance measurements (B = coC) in a similar manner, considering the capacitance C, of the sample holder. The capacitance of the shielded-parallel-plate electrodes is: for 'Siouxland' hard red winter wheat at 24° C and 1 MHz.
C"=2(CR + Cj + Cf
where e'^ and e'^ are the dielectric constant of the Rexolite and the sample, respectively, and AR and A^, are the respective electrode areas for the Rexolite and the sample. Cf can then be determined by taking a measurement on the empty sample holder, substituting the physical dimensions of the electrode assembly into equation 7, and solving for Cf with £^5 « 1 (dielectric constant of air). Once Cf is known at each frequency, equation 7 may then be solved for E\ as:
e'.
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Thus, equations 5 and 8 can be used to determine the complex permittivity of the sample, which can then be used to evaluate the effectiveness of the density-independent functions 1 and 2.
RESULTS AND DISCUSSION Measured test weights for all sublots of the three wheat varieties are displayed in figure 3 , where the usual decrease in test weight with increasing moisture content is noted. The range of sample bulk densities and moisture contents at which each cultivar was measured is shown in figure 4 . The densities ranged from 0.659 to 0.855 g/cm^.
Conductance G, and susceptance B, were measured at 24° C by the impedance analyzer at 10 frequencies from 1 to 10 MHz. Measurements were taken on each variety at six moisture levels for at least six different densities. Complex permittivity data were calculated according to equations 5 and 8 at each moisture, frequency, and density. The resulting data were comparable to dielectric properties data reported previously from other measurements (Nelson, 1965; Nelson and Stetson, 1976) . Data for 'Redland' and 'Siouxland* varieties were used to develop a calibration equation, and data on 'Karl' were used to verify the calibration. decreases. Function 2 ( fig. 6 ) is more nearly constant with density at moisture contents below 17%. However, at the lower moisture levels, it does not show as much separation between moisture levels as does function 1 (fig. 5) . Although the latter function is less density independent than function 2, it appears to have better sensitivity to moisture variations below 15%, and, therefore, it was selected for our analysis. At 1 MHz, the dielectric constant of water is about 80 while that of dry wheat is approximately 3 (Nelson and Stetson, 1976) . This difference is the basis for measuring the moisture content of cereal grains with impedance measurements. Because the impedance analyzer measures the total permittivity of the sample, it is often useful to evaluate data as a function of the mass of water and the mass of dry matter (Kraszewski, 1988) , instead of moisture content, which, by definition, is a ratio. The data showed that the loss factor was a good indicator of the mass of water over these densities and moisture contents. Figure 7 is a plot of the natural log of the loss factor at 1 MHz versus the mass of water for the 'Redland' and 'Siouxland' varieties used for calibration. Thus, the natural log of the loss factor can be used to predict the mass of water, and can also be correlated with moisture content.
In considering the use of data at two frequencies to correct for density and other varying factors, differences in the Meyer and Schilz function were evaluated. In linear combination with the natural log of the loss factor at 1 MHz, the square of the difference of values of this function at 1 and 10 MHz was used in a least-squares fit of the calibration data, which produced a coefficient of determination (r^) of 0.950. Nelson and Stetson (1976) showed that the dielectric constant around 10 MHz is linear with moisture content for fixed densities. Adding the dielectric constant at 10 MHz to the prediction equation improved the performance. Thus, in final form, the moisture content of hard red winter wheat can be approximated by: where M is the moisture content in percent, and subscripts 1 and 10 refer to values associated with measurements at 1 and 10 MHz, respectively. The coefficient of determination (r^) was 0.973. Equation 9 was used to calculate moisture content on the two calibration varieties, 'Redland' and 'Siouxland', and the results are shown in figure 8 . The standard error of calibration (SEC), was 0.62% moisture content, where SEC is defined as:
where ej is the difference between oven and predicted moisture contents, p is the number of variables in equation 9, and n is the number of samples used in the calibration. This is essentially the standard deviation of the differences with p fewer degrees of freedom. Equation 9 was then used to predict the moisture content of 'Karl' hard red winter wheat, which was harvested a year earlier than 'Redland' and 'Siouxland'. The results are plotted in figure 9 as oven moisture content versus predicted moisture content. The standard error of prediction (SEP), which is the standard deviation of the differences, was 0.494% moisture content, where: Table 1 . Dielectric models for estimating the moisture content of hard red winter wheat at 24° C SEP = n -1 i=i
Kei-e)^ (11) and where e" is the mean value of the differences. Thus, approximately 95% of all values were within ±1% of the air oven value. Examination of figure 9 shows that equation 9 is not entirely density independent; however, it is much less sensitive to fluctuations in density than measurements based on permittivity alone. Figure 9 also indicates that for 'Siouxland' wheat, equation 9 predicts the moisture content too high at moisture contents less than about 12%. Analysis of data reported by Nelson and Stetson (1976) and shown in figure 10 indicates a change in the sign of the slope of the loss factor-versus-frequency curves in the 1 to 10 MHz region somewhere between 13.5 and 16.8% moisture content. This change may account for the nonlinearity of the two density-independent functions with respect to moisture content when evaluated for the 'Siouxland' variety (figs. 5 and 6). This is the most probable explanation for the bias evident at the lowest moisture levels; however, additional data are needed to confirm this bias. The fit at lower moisture levels might be improved if measurements could be taken at higher frequencies of around 100 MHz where the behavior of the loss factor is more regular (fig. 10) .
Comparison of the effectiveness of some of these dielectric properties for moisture content measurement are shown in table 1. The coefficient of determination (r^) and standard error of calibration (SEC) are shown for the dielectric constant, loss factor, and function 1 at 1 and 10 MHz, and equation 9 for the prediction of moisture content. These comparisons were made because the dielectric constant and the loss factor are commonly used as single term predictors in dielectric type moisture meters, while function 1 has been used in a microwave moisture meter. Table 1 shows that equation 9 is a better predictor Frequency (MHz) than any of the single-frequency, single-variable models when these models are not corrected for bulk density.
CONCLUSIONS
The moisture contents of hard red winter wheat in the range from 11 to 22%, with bulk densities ranging from 0.659 to 0.855 g/cm^, were predicted by an equation using the dielectric constant at 10 MHz, the natural log of the loss factor at 1 MHz, and the square of the differences of a "density-independent function" at the two frequencies. The standard deviation of the differences (SEP), as compared to standard air-oven moisture contents, was 0.494%. Calibration was performed on two hard red winter wheat varieties harvested in Nebraska in 1991, and verification was performed on a variety also from Nebraska but harvested in 1990. The equation works extremely well for high moistures, but is less accurate at moistures below about 14%. This is most likely caused by nonregular behavior of the loss factor at low moisture levels in the measured frequency range.
The measurement of the complex impedance at two radio frequencies with the use of a density-independent function has been shown to provide reliable moisture contents on static bulk samples of varying densities. Therefore, it also offers promise as a method for measuring moisture content in an "on-line" measuring system, but further study with continuously flowing materials is required to determine whether a system can be successfully developed.
Figure 10-Dielectric loss factor as a function of frequency for hard red winter wheat at 24° C and indicated moisture contents (Nelson and Stetson, 1976) .
